We present a methodology to interpret observations of protoplanetary discs where a flyby, also called a tidal encounter, is suspected. In case of a flyby, protoplanetary discs can be significantly disturbed. The resulting dynamical and kinematical signatures can last for several thousands of years after the flyby and hence deeply affect the evolution of the disc. These effects are stronger for closer encounters and more massive perturbers. For the very same flyby parameters, varying the inclination of the perturber's orbit produces a broad range of disc structures: spirals, bridges, warps and cavities. We study this kind of features both in the gas and in the dust for grains ranging from 1 µm to 10 cm in size. Interestingly, the dust exhibits a different dynamical behaviour compared to the gas because of gas-drag effects. Finally, flybys can also trigger high accretion events in the disc-hosting star, readily similar to FU Orionis-type outbursts. All this information can be used to infer the flyby parameters from an incomplete set of observations at different wavelengths. Therefore, the main scope of our flyby scene investigation (FSI) methodology is to help to interpret recent "puzzling" disc observations.
Introduction
Stars are born in molecular clouds, and planets in turn form in protoplanetary discs (PPDs) around young stars (Armitage 2011) . Therefore, in regions of high stellar density, discs do not evolve in isolation (Pfalzner 2013; Winter et al. 2018) . The turbulent evolution of the molecular cloud has dramatic effects on their protoplanetary discs as shown by Bate (2018) . Moreover, the most recent observations of discs with sphere and alma have revealed spectacular disc structures: shadows (Stolker et al. 2016) , gaps and rings (ALMA Partnership et al. 2015) , spirals (Benisty et al. 2015) , warps (Langlois et al. 2018 ) and clumps (Casassus et al. 2018) . These challenge our understanding of disc evolution and planet formation. As a consequence, there is currently an active search for physical mechanisms able to create such features.
The presence of unseen planetary or low-mass stellar companions are among the favoured scenarios (Dong et al. 2015, for example) . These bodies can be categorized into three main categories: inner, embedded and outer companions. Inner companions are often invoked to explain the large cavities in transition discs and the asymmetries observed at the disc inner edge (Price et al. 2018a, for HD 142527) . Alternatively, embedded bodies efficiently carve deep gaps in the dust continuum and trigger spiral-wakes in the gas disc (Dipierro et al. 2015, for HL Tau) . Finally, outer companions located beyond the outer edge of the disc trigger (m = 2) spirals and truncate the disc. In some cases, the companion has been directly imaged, as in HD 100453 (Wagner et al. 2015) . However, in other cases, the presence of hypothetical companions at large stellocentric distance are assumed, as for MWC 758 (Dong et al. 2018 ).
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There are also several mechanisms that do not require the presence of massive companions. For spirals alone, this includes gravitational instabilities (Kratter & Lodato 2016) ; planetary companions embedded in the disc (cf. references above); external massive perturbers or stellar flybys (Pfalzner 2003; Quillen et al. 2005; Dai et al. 2015) ; accretion from an external envelope (Harsono et al. 2011; Lesur et al. 2015; Hennebelle et al. 2016) ; and asymmetric stellar illumination patterns (Montesinos et al. 2016; Montesinos & Cuello 2018) .
In this work, we focus on the external massive perturber scenario. We consider protoplanetary discs being perturbed by parabolic stellar flybys as in Clarke & Pringle (1993) and Xiang-Gruess (2016) . Among all the possible inclinations, we focus on the two most likely * : retrograde and prograde orbits, both inclined with respect to the disc. All the results presented here are based on the recent study on the dynamical signatures of flybys in the gas and in the dust by Cuello et al. (2018) . In Section 2, we present the simulations for inclined parabolic orbits. Then, in Section 3, we propose the FSI methodology that can be followed to interpret recent observations. We conclude in Section 4.
Flyby simulations

Numerical setup
Our dust-gas hydrodynamics simulations were performed with the Smoothed-Particle Hydrodynamics (SPH) code phantom (Price et al. 2018b ). We performed two-fluid simulations in order to trace the evolution of both the gaseous and the dusty components of the disc (Laibe & Price 2012) . We consider an isothermal disc extending from 10 to 150 au around a 1 M -star. Additionally, we initially place a 1 M -stellar perturber at 1 500 au from the central star. We set its velocity in order to obtain a parabolic (e = 1) orbit with a pericentre distance equal to 200 au. β refers to the angle between the orbital inclination and the initial disc plane. For a disc rotating in the anticlockwise direction, −90°< β < 90°and 90°< β < 270°correspond to prograde and retrograde orbits (respectively). Here, we only consider β = 45°(inclined prograde) and β = 135°(inclined retrograde) orbits. For further details on the disc model and the initial conditions, refer to Cuello et al. (2018) .
Gas disc response to a flyby
Figures 1 and 2 show the column density of the gas for β45 (top rows) β135 (bottom rows) at different evolutionary stages during the flyby. In the xy-view (Figure 1 ) we see that there are remarkable differences between the prograde and the retrograde configurations. In the former, shortly after the passage at pericentre, a "bridge" of material connects both stars. Moreover, disc material is captured around the perturbed (initially without a disc). Alternatively, no material is captured by the secondary for the retrograde orbit. Interestingly, in both cases, the arm on the disc side from which the perturber arrived is more extended. Finally, 2 700 yr after the passage at pericentre, the remaining disc is slightly eccentric. We also note that prograde perturbers truncate the disc more heavily compared to retrograde ones.
In the xz-view (Figure 2 ), we see that during and after the encounter disc material is lifted out of the z = 0 plane. For example, the bridge connecting both stars for β45 is above the disc (z > 0). Additionally, after several hundreds of years after the passage at pericentre, the tilt and the twist of the disc are modified compared to the initial values. For a more detailed study on this aspect, see Cuello et al. (2018) . Interestingly, all of these signatures are long-lived -between several hundred years up to a few thousand years -and can be used to infer the orbit of a suspected perturber, as shown in Section 3.
Dust disc response to a flyby
Figures 3 and 4 show the column density of the mm-sized dust grains for β45 (top rows) and β135 (bottom rows) at different evolutionary stages during the flyby. We observe similar structure as in the gas disc. The main difference lies in the sharpness of the spirals and the radial extent of the disc. We also observe the "bridge" between both stars for β45. The dust being subject to gas drag experiences a rapid radial-drift, which explains the more radially-compact distributions of Figure 3 . The gas drag also leads to efficient dust settling, readily observed in the xz-views of Figure 4 . In Cuello et al. (2018) we show that gas drag plus the tidal effects are responsible for the dust trapping in the flyby-induced spirals. Again, prograde perturbers more severely affect the disc compared to retrograde ones. . From left to right columns: t = 5 400 yr (pericentre), t = 5 950 yr, t = 8 100 yr. The disc rotation is anticlockwise. Sink particles (in red) are large for visualization purposes only. Spirals and bridges appear after the passage at pericentre as in Fig. 3 . The structures are sharper in the dust due to gas drag effects. . Edge-on view of the dust column density for the same snapshots as Fig. 3 . The dusty discs are fairly thin in the vertical direction compared to the gas discs due to dust settling. Also, the discs are slightly tilted after the encounter.
The dust disc response depends strongly on the grain size, or equivalently to the local gas pressure in the disc. In Cuello et al. (2018) we show how grains with sizes ranging from 1 µm up to 10 cm exhibit different dynamical behaviours. Smaller grains are well-coupled to the gas and therefore mainly follow the gas distribution, while larger grains are decoupled from the gas and behave as test particles. In between -mm-and cm-sized grainsare marginally coupled to the gas and are efficiently trapped in the pressure maxima of the disc. Consequently, observations of discs being subject to a flyby are expected to vary with wavelength.
Flyby Scene Investigation (FSI) methodology
Flyby fingerprints
Based on the findings of Section 2, we can establish a set of dynamical fingerprints that could indicate that a given disc is experiencing a flyby. Since this is based on the disc structure, the detection of the companion is irrelevant for this discussion. However, its detection can help to confirm the flyby hypothesis and narrow down the possible orbital configurations. Spirals, bridges, truncated discs, warps and non-coplanar material are indicators of an ongoing flyby. If a bridge of material -plus perhaps some captured material -is detected around the secondary, this allows one to distinguish between prograde and retrograde orbits. Additionally, in Cuello et al. (2018) we also show that the accretion rate onto the central star can significantly increase during prograde encounters. On the contrary, retrograde perturbers hardly modify the accretion rate. This statement is valid for non-penetrating encounters, i.e. when the pericentre is sufficiently large compared to the disc outer radius.
If the flyby occurred long ago it is unlikely that the aforementioned disc features will be observed. However a warped (or even broken) disc can be the result of a flyby. Namely, massive perturbers and/or small pericentre distances lead to severe warping of the outer regions of the disc. Additionally, flyby-induced truncation may be responsible for unexpectedly compact discs. Lastly, if kinematic information of the system is available, it can be used to infer the orientation of the perturber's orbit. For example, Figure 5 shows the vertical velocity v z integrated along the line of sight † 450 yr after the passage at pericentre. This quantity provides a dynamical signature comparable to the information obtained through CO lines observations. By comparing the kinematic fields of β45 to the ones in β135, we see that the sign of v z is flipped. 
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The ensemble of these fingerprints left in the disc by a single flyby, allow us to establish the "culprit"'s orbital parameters. This can then be used by observers to interpret puzzling observations where a flyby is suspected. In the next subsection we present a practical case where we apply our proposed methodology.
Practical case: retrograde or prograde?
For this exercise, let us assume that we observe a given disc -located at 100 pc from the Earth -with sphere and alma (continuum + CO lines). This means that we have information at various wavelengths. We further assume that there is no companion detected in the 8 × 8 arcsec 2 field. In particular, scattered light traces the micron-sized grains, which are well-coupled to the gas; while the continuum emission (e.g. alma band 7) corresponds to the thermal emission of grains of sizes ranging between 0.1 mm and 1 cm. Finally, the CO lines inform us about the kinematics of the disc. In other words, sphere observations correspond to Figs. 1 and 2 ; while alma observations are comparable to Figs. 3, 4 and 5. In the following, North is up and East to the left.
The careful analysis of the data reveals an almost face-on disc two prominent spirals arms in scattered light -in the North and in the South -with large pitch angles. Moreover, one of the Southern spiral arms is brighter compared to Northern one. On the contrary, the dust continuum exhibits a compact disc with only one faint and open spiral in the North. The different velocity maps -obtained through CO lines -show that the Eastern and Western sides are blue-and red-shifted, respectively. This suggests that the disc, despite being almost face-on, is warped. Given this set of observations, it is reasonable to suspect a flyby where the companion has already left the field.
Based on the flyby fingerprints presented in Section 3.1, we are prone to think that the hypothetical perturber was on a prograde inclined orbit, i.e. a configuration comparable to β45. In this particular case, the faint open spiral in the continuum in the North is crucial to distinguish between prograde and retrograde configurations. In fact, if it were a retrograde encounter, then then prominent spiral would appear in the South. In case of strong H α emission from the central star, this could indicate that there is an ongoing accretion event. In such case, the chances are high that the companion is on a prograde orbit . Assuming that our conclusions are correct, then the "culprit" should be located to the East of the disc in the sky. Moreover, it is likely moving towards the observer -in the reference frame of the system.
Conclusions
We have presented here the dynamical signatures left by inclined (prograde and retrograde) stellar flybys in the gas and in the dust of a protoplanetary disc. As shown in Section 2, the tidal interaction creates spirals, bridges, warps and eccentric discs. Interestingly, some of these features are able to survive for several thousands of years. From the observational point of view, this means that the hypothetical perturber might have left the field. Therefore, stellar flybys seem a promising scenario to explain some of the recent observations of discs with prominent spirals where (despite an active search) no companions have been detected.
The FSI methodology detailed in Section 3 allows to infer the inclination of the orbit based on a limited set of observations. In fact, retrograde and prograde orbits produce dramatically different structure in the disc (truncation, spirals, warps, accretion rates). This remarkable fact could help to hunt down "stellar suspects" (a.k.a. perturbers) at distances of several hundreds of au from the disc. If the culprit cannot be identified, this methodology at least provides useful information about the flyby that might have occurred in the past. The detailed observational diagnostics of flybys, i.e. the appearance of the disc at different wavelengths, will be the subject of a future investigation (Cuello et al., in prep.) . Either way, stellar encounters might be more common than previously thought.
As Maggie Simpson once said: "This is indeed a disturbing Universe".
